Waveforms of acoustic emission (AE) events come close and sometimes overlap each other when AE activity is very high. Conventional AE measurement systems which handle discrete AE events are not suitable for this situation because miss-detection of AE event occurs frequently. A new AE measurement system named as Continuous Wave Memory (CWM) was developed to solve this problem by recording the AE waveforms continuously to hard disks for several hours throughout the testing time. This new system enabled multiple analysis of one waveform with different filtering parameters. Short time Fourier transform (STFT) gave the time-frequency-magnitude characteristic of continuous AE waveforms and useful information for evaluation of degradation of materials. In this study, the degradation of ceramic fiber mat during cyclic compression test and the effect of binder-addition were evaluated by this new system. STFT results clearly showed the classification of degradation of the mat; breakage of fibers was the main source in the early compression cycles and sporadic friction between fibers became the main source of AE in the later compression cycles. The effect of organic binder to prevent the degradation of the mat was also estimated. It was observed that the friction signal disappeared and the breakage signal weakened in the binder-added specimens.
Introduction
Waveforms of acoustic emission (AE) events come close and sometimes overlap each other when AE activity is very high. In such environment, conventional AE measurement systems frequently fail to detect AE events because they process AE events sequentially while the next event arrives within the dead-time of the last event. In our previous studies, 1, 2) AE events of ceramic fiber mat were measured under cyclic compression tests to estimate the gradual degradation of gripping force of the mat which fixes the catalytic converter of car exhaust gas inside the case. However, conventional AE measurement systems frequently missed the AE events as the increase of compression stress, leading finally to saturation of signal processing.
Continuous recording of AE waveform is an idea to solve this dead-time problem. An AE system based on digital signal processing has been commercially available, making continuous data recording possible. Thompson et al. 3) suggested a system to monitor the critical period of fracture propagation of rocks. However, the recording time of their system was very limited to a few minutes because they adopted semiconductor memory as the storage device of continuous AE waveform. Kurz et al. 4) showed another system which can record the transient AE waveforms as long as one AE event length without interval to high-capacity hard disks. However, their system could not handle the continuous AE waveform directly and their 2.5 MHz sampling frequency was not enough for usual AE measurement of materials. Semiconductor memory and hard disk have trade-off relationship between their speeds and capacities, therefore it is important to utilize the advantages of both devices to develop a practical continuous AE waveform recorder.
In this study, a new AE measurement and analysis system was developed to solve the problems about dead-time and storage device, and evaluated the degradation of the ceramic fiber mat. This new system was named ''Continuous Wave Memory'' (CWM) and enabled continuous recording of AE waveforms with 10 MHz sampling frequency to hard disks for several hours. Short time Fourier transform (STFT) 5 ) was adopted as a method for direct handling of continuous AE waveforms and gave the time-frequency-magnitude characteristic of the continuous AE waveforms as useful information for classification of degradation 6) of the ceramic fiber mat. Figure 1 7) The data recording rate is 20 MB/s/ch, therefore the maximum recording time is 1.7 hours for 4 ch or 6.9 hours for 1 ch in the current hard disk with a capacity of 500 GB. Figure 2 shows block diagram of the software of CWM system to handle the continuous AE waveform. In this software, multiple steps of signal processing can be performed in parallel on a common ring-buffer to reduce calculation time by effective use of multi-core CPU. In realtime analysis, a measured waveform is directly imported from analog-to-digital converter just like conventional AE measurement systems and AE parameters are calculated immediately. Post analysis with different filtering parameters is also possible using completely recorded AE waveform. Short time Fourier transform (STFT) is one of evaluation methods of continuous waveform, which calculates timefrequency-magnitude characteristic along the procedure as shown in Fig. 3 . A continuous AE waveform is split into short sections with 1024 samples, the split waveforms are applied to FFT method one-by-one, and 4096 FFT results are averaged to adjust the time resolution and plotted in the form of 3D graph. The horizontal axis shows density of the mat which is converted from the time data and the vertical axis shows frequency of AE signal and the 3rd axis which is expressed as the contrast change reflecting the magnitude of AE signals at this point.
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Ceramic fiber mat of catalytic converter unit was compressed cyclically with experimental equipments as shown in Fig. 4 . The commercial mat with component of 72% alumina and 28% silica was cut into cylindrical shape of 25.4 mm in diameter. The load and AE signal were monitored during the tests. AE signal was captured by piezoelectric lead zirconate titanate (PZT) sensor with built-in head-amp (M304, Fuji Ceramics corp.). The sensor has a flat frequency characteristic from 200 kHz to 600 kHz. The signal was amplified again by preamplifier (A1002, Fuji Ceramics corp.) and then inputted to CWM system. The SiC jig was water cooled around the sensor to keep the constant sensitivity of PZT and ensure performance of the head-amp in the sensor package from the heat of the electric furnace. The range of compression was controlled by density of specimen which was calculated from the gap of upper and lower parts of jig because the weight and the cross-section area of spongy mat specimen were almost constant during the cyclic compression test.
Degradation of the gripping force occurs during press-fit part of manufacturing process and also in-service period. Although an organic binder is added before the press-fit process to reduce the damage of fibers, it is volatilized by the heat of the first running of engine. Therefore, two conditions of compression were tested as follows. The specimens with variable content of organic binder were compressed from completely unloading state as 0.150 g/cm 3 to 0.400 g/cm 3 at room temperature to simulate the press-fit process. On the other hand, only binder-less specimens were compressed cyclically between 0.331 g/cm 3 and 0.376 g/cm 3 at room temperature to simulate the in-service environment. Figure 5 shows AE signals with high activity from a mat specimen by CWM and schematic of AE event processing in Density, ρ / g/cm 3 Frequency, f / kHz conventional AE measurement systems. Conventional systems detect an AE event when the amplitude of AE signal exceeds the pre-set threshold voltage and then process it oneby-one sequentially. Therefore, miss-detection of an event occurs if the next event arrives within the dead-time of the previous event. On the contrary, there is no dead-time on CWM system and all events can be detected successfully even AE signals with high activity. Figures 6 and 7 show waveforms and frequency characteristics of two typical types of AE events which were detected during the cyclic compression test of the ceramic fiber mat. The sources of these waveforms can be considered to be related to the shape of waveforms; 6) the burst type waveform with 600 kHz peak frequency is thought to be due to breakage of fibers and the continuous type waveform with 200 kHz peak frequency is due to friction of fibers, respectively. These frequency characteristics are reasonable because it is well known that the frequency of the AE signal has positive correlation with the formation time of the event.
Results and Discussion
8) The breakage of fiber should be result from faster event than the friction between fibers, therefore the breakage of fibers has higher peak frequency than the friction between fibers. Figure 8 shows STFT results of the 1st compression of specimens with different fraction of organic binder. The magnitude is normalized by the maximum magnitude in each graph. Although similar frequency characteristic with two peaks as shown in Fig. 7 in binder-less specimen is observed, the breakage signal with 600 kHz peak frequency becomes weaker as addition of the binder and the friction signal with 200 kHz peak frequency almost disappears in binder-added specimens. Figure 9 shows the maximum value of magnitude of these two peak frequencies and the pressure during the 1st compression cycle, i.e. at the highest compressed state. These results show that the organic binder has a positive effect in protecting the ceramic fibers from the damage in compression. It is reasonable that the organic binder prevents the friction between fibers because the observation result (Fig. 10) shows that the organic binder mainly bonds the cross point of fibers. Figure 11 shows results in the 1st, 10th and 70th compression of the binder-less specimens. Although both the breakage signal and the friction signal become stronger as the progress of compression during the 1st compression, there is only a sporadical friction signal during the 70th compression. The characteristic of AE signal changed gradually during the cyclic compression test, so the result of the 10th compression demonstrates the transition behavior. Figure 12 also shows results of 10% binder-added specimen for the 1st, 10th and 70th compression. The friction signal is not observed and there are only weak breakage signals throughout the test. Figures 13 and 14 show SEM photographs of a binder-less and a binder-added specimen which were taken on the same place of the same specimen before and after 10 and 1000 cycles of compression. In binder-less specimen, the SEM observation shows that the fibers are gradually rearranged to uneven distribution and finally large voids appear. On the contrary, no rearrangement is seen in binder-added specimen. These results show that the friction AE signal reflected this sporadic rearrangement of fibers and the organic binder effectively prevented the rearrangement of fibers.
Conclusions
(1) An AE measurement system named ''Continuous Wave Memory'' (CWM) was developed in order to record AE waveforms continuously to hard disks for several hours with sufficient high sampling frequency. (2) Continuous AE waveform of ceramic fiber mat was measured and analyzed by CWM system during cyclic compression test. Time-frequency-magnitude characteristic of AE signal was calculated by short time Fourier transform (STFT) method to classify the source of AE. Two peak frequencies were found at 600 kHz and 200 kHz in these tests and the sources of AE were attributed to the breakage of fibers and friction between fibers, respectively. Frequency, f / kHz Density, ρ / g/cm 3 Frequency, f / kHz (b)
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Density, ρ / g/cm 3 Frequency, f / kHz AE signal due to rearrangement of fibers was not detected in binder-added specimens. These results show that the organic binder has a positive effect in protecting the fibers from the damage under compression. (4) Both the breakage and friction signals were detected during the early cycles in binder-less specimens, while there was only sporadical friction signal in the later cycles. On the other hand, there was only weak breakage signal throughout the test in binder-added specimens. Degradation process during cyclic composition for both binder-less and binder-added specimens were clearly identified by AE.
